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Electromagnetic neutrino-atom collisions: The role of electron binding 
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We present a new theoretical approach to neutrino- impact atomic excitation and/or ionization due to neutrino 
magnetic moments. The differential cross section of the process is given by a sum of the longitudinal and 
transverse terms, which are induced by the corresponding components of the force that the neutrino magnetic 
moment imposes on electrons with respect to momentum transfer. In this context, the recent theoretical studies 
devoted to the magnetic neutrino scattering on atoms are critically examined. 



1. INTRODUCTION 

The Standard Model predicts the value of the 
neutrino magnetic moment, in units of the Bohr 
magneton [Ib = e/(2m e ), as [11213] 



3.2 x 10 



-19 



1 eV 



(1) 



where m e and m„ are the electron and neutrino 
masses, respectively. Any experimental evidence 
for a larger value of \i v will unequivocally in- 
dicate physics beyond the Standard Model (a 
recent review of this subject can be found in 
Ref. [2]). The best upper limit for fi u obtained so 
far in experiments with reactor (anti)neutrinos is 
[i v < 3.2 x 10~ n [5] (see also references in the 
review article [4]). This is by an order of magni- 
tude larger than the most stringent astrophysical 
constraint /i„<3x 10~ 12 [6]. 

At small energy transfer T the differential cross 
section (DCS) for the magnetic neutrino scatter- 
ing on a free electron (FE) behaves as da^ / dT oc 
1/T |7I8| . while that due to weak interaction, 
da( w }/dT, is practically constant in T [5]. There- 
fore, one can enhance the sensitivities of the 
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reactor experiments by reducing the low-energy 
threshold of the detectors in the deposited energy 
T. However, the FE picture is applicable only 
when T 3> £&, where Sb is the binding energy of 
an atomic electron. If T ~ Eb, the electron bind- 
ing effects must be taken into account. In this 
work, we formulate a theoretical framework for 
the magnetic neutrino scattering on atomic elec- 
trons which is similar to that developed for the 
penetration of relativistic charged projectiles in 
matter [5]. Within this approach the DCS is given 
by the sum of two components due to the longitu- 
dinal and transverse atomic excitations, respec- 
tively, which are induced by the corresponding 
components of the force imposed by the neutrino 
magnetic moment on electrons with respect to the 
direction of the momentum transfer q. It also en- 
ables us to clearly distinguish between the con- 
tributions from excited atomic states taken into 
account in Refs. [10] and [11], respectively, and to 
inspect consistently the results of those studies. 

The article is organized as follows. Sec. [5] de- 
livers general theory for the magnetic neutrino 
scattering on atomic electrons as well as a crit- 
ical account of the theoretical studies published 
recently [10111] . The conclusions are drawn in 
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Sec. 121 The units ft = c 
unless otherwise stated. 



1 are used throughout 



2. THEORY OF MAGNETIC 

NEUTRINO-IMPACT ATOMIC EX- 
CITATION AND IONIZATION 

We specify the incident neutrino energy and 
momentum by E v and p„, respectively. The 
atomic recoil is neglected under the assumption 
T 3> 2E%/M, where M is the nuclear mass. 
The atomic target is supposed to be unpolarized 
and in its ground state |0) with the correspond- 
ing energy E . We treat the initial and final 
electronic systems nonrelativistically under con- 
ditions T <C m e and aZ <C 1, where Z is the 
nuclear charge and a is the fine-structure con- 
stant. The incident and final neutrino states are 
described by the Dirac spinors assuming m v m 0. 
The neutrino electromagnetic vertex associated 
with the neutrino magnetic moment is employed 
in the low-energy limit 



A-,, A = a qk, 



2m P 



(2) 



where q is the virtual-photon four- momentum. 
Note that the [i v related contribution to the 
neutrino-atom scattering couples neutrino states 
with different helicities and therefore it does not 
interfere with that due to weak interaction. 

Using first-order perturbation theory and the 
photon propagator in the Coulomb gauge, the 
transition matrix element for the considered pro- 
cess according to Eq. fl2J) is given by [13] 
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where u p \ is the spinor amplitude of the neu- 
trino state with momentum p and helicity A, \n) 
the final atomic state, and p(— q) and j(— q) the 



Fourier transforms of the electron density and 
current density operators, respectively, 



p(-q) = 



(4) 



3=1 



j(-q) = -2^:E( e<q "' v i + v ^ <q " , ).( 5 ) 
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and the unit vector ej_ is directed along the p„ 
component which is perpendicular to q (ej_ • q = 
0). Using Eq. ([3]), the DCS can be presented as 
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where Q = |q| and 

S(T,Q) = £|Hp(-q)|0)| 2 

77 

x5(T-E n +E ), 

R(T,Q) = ^|(n|e ± .j(-q)|0)| 

n 

x5(T-E n + E ). 
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(8) 
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(10) 



The sums in Eq. (0) run over all atomic states 
|n), with E n being their energies, and, since the 
ground state |0) is unpolarized, do not depend on 
the direction of q. 

The longitudinal term ([7]) is associated with 
atomic excitations induced by the force that the 
neutrino magnetic moment exerts on electrons 
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in the direction parallel to q. The transverse 
term {5J corresponds to the exchange of a virtual 
photon which is polarized as a real one, that is, 
perpendicular to q. It resembles a photoabsorp- 
tion process when Q — > T and the virtual-photon 
four-momentum thus approaches a physical value, 
q 2 0. Due to selections rules, the longitudinal 
and transverse excitations do not interfere (see 
Ref. [5] for detail). 

The properties of Eq. ([7]) were studied in the 
work where the transverse component was 
unaccounted. It is determined by the dynamical 
structure factor 



1 



S(T,Q) = -TmF(T + E ,Q), 



(11) 



where the density-density Green's function F is 

1 



F(E,Q) 
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with H being the atomic Hamiltonian. In 
Ref. [11] the dispersion relation for the function 
F was formulated as 



1 f c 
F(E,Q) = - \ 

Jo 



TmF(E, Q') 
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Consider the limit Q — > 0. The electron density 
operator (|4| at q = is by definition p(0) = Z 
and hence 

F(E,0) = (Q\p(0) „ I .. n p(0)[0) 



E-H-iW 



Z 2 



E - En 



(14) 



Using it in Eq. (fT3|) when Q — 0, we arrive at the 
sum rule [12] 



(15) 



Note that the value of F(T + Eq, 0) is calculated 
in Ref. [TT] erroneously, namely as 

E - Ejq 

Following the procedure of Ref. [TT], which im- 
plies the use of Eq. (|T5|) for evaluating the inte- 
gral in Eq. ([7J under assumptions of small T and 



large E v , we arrive at the result where the fac- 
tor of Z 2 occurs. This means that the atomic 
effects result in a coherent enhancement of the 
DCS as compared to the case of Z free electrons, 
where a typical incoherent-scattering factor of Z 
is encountered (the same as, for instance, in the 
Compton scattering). This conclusion is not con- 
sistent with the incoherent character of the con- 
sidered inelastic scattering process. 

Taking into account that j = (pv + vp)/2, with 
v being the electron velocity operator, we can 
estimate the ratio of the functions (|10p and © 
as ~ v 2 , where v a < 1 is a characteristic ve- 
locity of atomic electrons. Therefore, one might 
expect the transverse component to play a minor 
role in Eq. ([6]). However, the authors of Ref. [TO] 
came to the contrary conclusion that this compo- 
nent strongly enhances due to atomic ionization 
when T ~ Sb- The enhancement mechanism pro- 
posed in Ref. [TU] is based on an analogy with 
the photoioniztion process. As mentioned above, 
when Q — > T the virtual-photon momentum ap- 
proaches the physical regime q 2 = 0. In this case, 
we have 



R(T,Q) 



\v 2 aT' 



(17) 



where er 7 (T) is the photoionization cross sec- 
tion at the photon energy T [13] . The limit- 
ing form (|17p was used in Ref. 10 in the whole 
integration interval. Such a procedure is in- 
correct, for the integrand rapidly falls down as 
Q 2 ranges from T 2 up to almost 4E 2 , espe- 
cially when Q > r^ 1 , where r a is a characteris- 
tic atomic size (within the Thomas-Fermi model 
r" 1 = Z 1 / 3 am e Q3]). This fact reflects a strong 
departure from the real-photon regime. Thus, we 
can classify the enhancement of the DCS claimed 
in Ref. [TU] as spurious. It should be noted in this 
connection that when the present work (as well 
as [12]) had already been completed and submit- 
ted for publication the authors of Ref. 10, had 
disproved their claim (see Ref. [15] for detail). 

3. CONCLUSIONS 

To summarize, we have performed a theoreti- 
cal analysis of the magnetic neutrino scattering 
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on atomic electrons. For this purpose we have di- 
vided the DCS into two components correspond- 
ing to the longitudinal and transverse atomic ex- 
citations. This allowed us to demonstrate in a 
physically transparent fashion the deficiencies of 
the recent theoretical predictions concerning the 
role of the atomic effects in the magnetic neu- 
trino scattering [10]. No enhancement mecha- 
nism due to electron binding effects has been de- 
termined [J2] (see also Ref. [H]), in contrast to 
Ref. [TO] , At the same time, the attempt to argue 
the insignificance of the atomic effects by means 
of analytical calculations [TT] needs further elab- 
oration |12ll6j . 

Finally, it is unreasonable to expect the effects 
of atomic excitation and/or ionization to intro- 
duce enhancement of the sensitivities of the ex- 
periments searching for neutrino magnetic mo- 
ments. In this respect, it will be interesting to 
explore the role of coherent magnetic neutrino 
scattering on atoms in detectors, which case, how- 
ever, requires much lower energy thresholds in the 
deposited energy T (~ 100 eV) than presently at- 
tainable in the detectors (~ 1 keV). 
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